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NANOCOMPOSITE SOLAR ABSORBER
WITH ENCAPSULATED METAL
NANOPARTICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-

cation 62/975,994, filed on Feb. 13, 2020, the entire contents
of which 1s incorporated herein 1n its entirety.

TECHNICAL FIELD

Aspects of the disclosure relate to composite coatings as
well as methods of fabrication of the composite coatings. In
particular, multilayer composite coatings for solar absorber
applications are described, including amorphous refractory-
metal composite materials having improved radiation
absorption properties.

BACKGROUND

Solar absorber coatings are materials developed to exhibit
broad absorption of solar radiation (e.g., ultraviolet, visible,
and near infrared radiation) for conversion into heat to be
provided to a working fluid or other thermal carrier. Such
coatings are found in technology including, but not limited
to, energy generation, desalination, or other solar concen-
trator applications. The range of available solar absorber
coatings are limited to those that can withstand the operating
conditions that may exceed hundreds of degrees Celcius. For
example, at the elevated temperatures under which such
systems operate, accelerated chemical degradation, such as
oxidation of metals, may significantly limit the effectiveness
of non-refractory materials. Materials that are better suited
as solar absorbers i1n terms of optical properties may be
susceptible to thermal oxidation, limiting the efliciency of
the absorber coatings at elevated temperatures.

SUMMARY

Broadband absorptive coating materials and methods of
preparing the coating are provided. In some embodiments, a
nanocomposite coating ol amorphous ceramic material
incorporating metal nanoparticle inclusions can be formed
using a high-throughput co-sputtering approach with
improved thermal and oxidation resistance. The intrinsic
narrow absorption band of amorphous refractory materials
may be broadened by adding different concentrations of
seli-formed metal nanoparticles and/or nano clusters during
co-sputtering. Solar absorber coatings may include an
absorptive stack including one or more layers of silicon
carbide. Fach constituent layer of the absorptive stack may
vary 1n thickness. The total thickness of the solar absorber
coating may be less than or about 100 nm. When deposited
on an infrared-retlective substrate and overlaid with an
anti-reflective layer, solar absorber coatings may exhibit
solar absorptance greater than or about 90% or more 1n the
range of 250-2500 nm with thermal emittance below or
about 0.1 at 650 K. Beside contributing to the solar absorp-
tance, an amorphous refractory matrix may also act as a
diffusion barrier, preventing interlayer migration and oxida-
tion of metal nanoparticles during annealing processes and
during high-temperature operation as part of solar concen-
trator systems. For simplicity and clarity, examples are
provided that focus on tungsten as an infrared-reflective
material, owing to its high reflectance 1n infra-red region (R
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%=94.6 at A=2.5 um) and high thermal stability, and silicon
carbide as a refractory matrix material. That being said,
embodiments of the present disclosure are not limited to
tungsten metal-silicon carbide ceramic composites.

With improved solar absorptance, thermal stability, and
chemical stability, solar absorber coatings may maintain an
improved optical performance at temperatures greater than
or about 500-700 Celsius. To that end, materials, methods,
and systems are provided to facilitate the design and opti-
mization of selective solar absorbers for enhancing solar
energy harvesting at medium-to-high temperatures 1n vari-
ous systems, including but not limited to solar heating and
cooling, concentrated solar power, solar thermoelectrics,
and solar thermal photovoltaics.

In one aspect, disclosed herein 1s a multilayer surface-
covering assembly adapted to covert solar radiation to heat.
In some embodiments, the multilayer surface-covering
assembly comprises a first composite layer comprising a first
amorphous refractory material and first metal nanoparticles.
In some embodiments, the first amorphous reifractor material
encapsulates the first metal nanoparticles. In some embodi-
ments, the first composite layer 1s thermally coupled with a
surface of a structure for conduction of heat from the first
composite layer to the structure. In some embodiments, the
multilayer surface-covering assembly comprises an antire-
flective layer. In some embodiments, the first composite
layer 1s disposed between the antireflective layer and the
surface of the structure.

In some embodiments, the multilayer surface-covering
assembly further comprises an infrared-reflective layer on
s1licon substrate disposed between the first composite layer
and the surface of the structure.

In some embodiments, the first amorphous refractory
material prevents diffusion of the first metal nanoparticles
within the first refractory coating and prevents oxidation of
the first metal nanoparticles.

In some embodiments, the first metal nanoparticles have
a characteristic dimension 1n a range of 4-7 nm.

In some embodiments, the multilayer surface-covering
assembly further comprises a second composite layer com-
prising a second amorphous refractory material and second
metal nanoparticles. In some embodiments, the second
amorphous refractor material encapsulates the second metal
nanoparticles. In some embodiments, the second composite
layer 1s disposed between the first composite layer and the
antiretlective layer. In some embodiments, a first weight/
volume percentage concentration of the first metal nanopar-
ticles 1n the first composite layer 1s greater than a second
weight/volume percentage concentration of the second
metal nanoparticles 1n the second composite layer.

In some embodiments, the multilayer surface-covering
assembly further comprises a third composite layer com-
prising a third amorphous refractory material and third metal
nanoparticles.

In some embodiments, the third amorphous refractor
material encapsulates the third metal nanoparticles. In some
embodiments, the third composite layer 1s disposed between
the second composite layer and the antireflective layer. In
some embodiments, a third weight/volume percentage con-
centration of the third metal nanoparticles 1n the third
composite layer 1s less than the second weight/volume
percentage concentration.

In some embodiments, the first metal nanoparticles com-
prise tungsten nanoparticles. In some embodiments, the first
amorphous refractory material comprises silicon carbide. In
some embodiments, the second metal nanoparticles com-
prise tungsten nanoparticles. In some embodiments, the
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second amorphous refractory material comprises silicon
carbide. In some embodiments, the third metal nanoparticles
comprise tungsten nanoparticles. In some embodiments, the
third amorphous refractory material comprises silicon car-
bide. It will be understood that the multilayer surface-
covering assembly can comprise one or more or any com-
bination of the above embodiments.

In some embodiments of the multilayer surface-covering,
assembly, the first weight/volume percentage concentration
1s equal to or greater than 20%; the second weight/volume
percentage concentration 1s equal to or greater than 5% and
equal to or less than 30%; and/or the third weight/volume
percentage concentration 1s equal to or less than 10%. In
some embodiments, the third weight/volume percentage
concentration 1s 0%.

In some embodiments, the multilayer surface-covering
assembly maintains thermal stability. For example, 1n some
embodiments, the assembly maintains 1ts optical perfor-
mance after thermal annealing 1n vacuum and air. In some
embodiments, the assembly maintains 1ts optical perfor-
mance after thermal annealing, wherein the annealing tem-
perature 1s about 730 degree centigrade in vacuum, and
about 630 degree centigrade 1n arr.

In another aspect, described herein 1s a spectrally selective
solar radiation absorber. In some embodiments, the spec-
trally selective solar radiation absorber comprises a reflec-
tive substrate. In some embodiments, the spectrally selective
solar radiation absorber also comprises a stack of silicon
carbide-metal composite layers overlying the reflective sub-
strate. In some embodiments, each of the silicon carbide-
metal composite layers comprises metal nano-inclusions
within a silicon carbide matrix.

In some embodiments, the silicon carbide-metal compos-
ite layers comprise a first layer having a first weight/volume
percentage concentration of the metal nano-inclusions, a
second layer having a second weight/volume percentage
concentration of the metal nano-inclusions, and/or a third
layer having a third weight/volume percentage concentra-
tion of the metal nano-inclusions. In some embodiments, the
first weight/volume percentage concentration 1s greater than
the second weight/volume percentage concentration. In
some embodiments, the second weight/volume percentage
concentration 1s greater than the third weight/volume per-
centage concentration.

In some embodiments, the first weight/volume percentage
concentration 1s approximately 28%; the second weight/
volume percentage concentration 1s approximately 12%;
and/or the third weight/volume percentage concentration 1s
less than 5%. In some embodiments, the first layer has a
thickness of about 33 nm; the second layer has a thickness
of about 25 nm; and/or the third layer has a thickness of
about 20 nm.

In some embodiments, the stack of silicon carbide-metal
composite layers has an average absorptance of at least 91%
in a wavelength range of 280 2000 nm.

In some embodiments, the solar radiation absorber further
comprises an antireflective coating. In some embodiments,
the antireflective coating 1s formed overlying the stack of
silicon carbide-metal composite layers.

In some embodiments, the stack of silicon carbide-metal
composite layers 1n conjunction with the antireflective coat-
ing has an average absorptance of at least 95% 1n a wave-
length range of 280-2000 nm. In some embodiments, the
antiretlective coating has a thickness from about 20 to about
25 nm. In some embodiments, the stack of silicon carbide-
metal composite layers has a thickness of less than 100 nm.
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In another aspect, the disclosure provides a method of
forming a multilayer surface-covering assembly adapted to
covert solar radiation to heat. In some embodiments, the
method comprises depositing a first composite layer so as to
be 1n thermal communication with a surface of a structure
for conduction of heat from the first composite layer to the
structure. In some embodiments, the first composite layer
comprises a first amorphous refractory material and first
metal nanoparticles. In some embodiments, the first amor-
phous refractory maternial encapsulates the first metal nan-
oparticles. In some embodiments, the method comprises
depositing an antireflective layer. In some embodiments, the
first composite layer 1s disposed between the antireflective
layer and the surface of the structure.

In some embodiments, the method further comprises
depositing a second composite layer so as to be 1n thermal
communication with a surface of the first composite layer. In
some embodiments, the second composite layer comprises
the first amorphous refractory material and the first metal
nanoparticles. In some embodiments, the first amorphous
refractory material encapsulates the first metal nanopar-
ticles. In some embodiments, a concentration of the first
metal nanoparticles 1 the second composite layer 1s less
than a concentration of the first metal nanoparticles in the
first composite layer. In some embodiments, the method
comprises depositing a third composite layer so as to be 1n
thermal communication with a surface of the second com-
posite layer. In some embodiments, the third composite layer
comprises the first amorphous refractory material and 1is
substantially free of the first metal nanoparticles.

In some embodiments, the concentration of the first metal
nanoparticles in the first composite layer 1s approximately
28%. In some embodiments, the concentration of the first
metal nanoparticles in the second composite layer 1s
approximately 12%.

In some embodiments, the first amorphous refractory
material comprises silicon carbide. In some embodiments,
the first metal nanoparticles comprise tungsten.

In any of the embodiments described herein, the layers of
the multilayer surface-covering assembly or spectrally
selective solar radiation absorber can be deposited using a
co-sputtering or vapor deposition process. In some embodi-
ments, the vapor deposition comprises a physical vapor
deposition process. Thus, 1n some embodiments, the first
composite layer, the second composite layer, and/or the third
composite layer 1s deposited using co-sputtering or vapor
deposition. In some embodiments, the vapor deposition
comprises a physical vapor deposition process. In some
embodiments, the first composite layer, the second compos-

ite layer, and/or the third composite layer 1s deposited at a
temperature from about 25 degrees C. to about 400 degrees
C.

The foregoing, together with other features and embodi-
ments will become more apparent upon referring to the
following specification, claims, and accompanying draw-
ngs.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a schematic diagram of a deposition system,
according to embodiments described herein.

FIG. 2 1s a schematic diagram of a refractory-metal
composite, according to embodiments described herein.

FIG. 3 1s a plot of illustrative absorptance spectra of
refractory-metal composites, according to embodiments
described herein.
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FIG. 4 1s a block flow diagram of a method 400 of
configuring a solar absorber coating including an absorptive
stack of refractory-metal composite layers, according to
embodiments described herein.

FIG. 5 1s a diagram of an image analysis system config-

ured to extract composite morphology from microscope
images, according to embodiments described herein.

DETAILED DESCRIPTION Of THE FIGURES

Solar absorber materials and methods of fabricating opti-
mized solar absorber composite coatings are provided. As
described 1n more detail 1n the context of the forthcoming
illustrative examples, solar absorber materials may be char-
acterized by chemical and physical stability at elevated
temperatures of hundreds or thousands of degrees Celsius.
Robust materials are effective as solar absorbers during the
operation ol solar concentrator systems used in power
generation, desalination, or other processes where solar
radiation 1s used as a source of heat (e.g., to do work or
induce phase change). While refractory materials, such as
ceramic materials, are well suited to high-temperature
operation, many such materials are non-ideal absorbers of
solar radiation, and exhibit characteristic drops 1n absorp-
tance 1n the visible spectral range, the infrared (IR) spectral
range, or both. Metals, by contrast, may exhibit improved
absorptance in one or more ranges, but are susceptible to
oxidation at elevated temperatures in the presence of oxygen
¢.g., 1n air) and exhibit elevated diffusion at high tempera-
ture.

To that end, refractory-metal composite materials are
provided exhibiting improved absorptance characteristics,
both 1n terms of spectral range and percentage, reduced
thickness, and improved chemical stability at operational
temperatures. Improvements are relative to refractory
absorber coatings and refractory-metal coatings character-
1zed by different morphologies. In particular, embodiments
described herein include refractory-metal composites con-
taining encapsulated metal nanoparticles 1ncorporated
within an amorphous refractory matrix. Furthermore, coat-
ings formed from the refractory-metal composites may
include multiple layers of differing metal concentration
bonded to an infrared-reflective layer, which may further
improve the performance and robustness of the matenals as
solar absorber coatings.

In some embodiments, methods and systems are pre-
sented to automatically (e.g., without human intervention)
optimize a solar absorber coating as part of an optimization
approach. For example, an optimization system may include
one or more machine-learning models configured to process
clectron microscopy 1mages of composite materials to
extract morphology imnformation of phases in the composite
material, tuning models configured to improve the predicted
absorptance of coatings using the morphology and other
physical characteristics, generate new composite configura-
tions, and facilitate the fabrication of coatings through
communication with fabrication systems (e.g., over a net-
work). Fabrication systems, in turn, may include plasma-
based deposition systems configured to form composite
coatings on a substrate with controlled composition and
thickness.

For the purposes of the present disclosure, the following
terms are provided:

The term “absorptance” describes the eflectiveness of the
coating material 1n absorbing radiant energy. It describes a
non-dimensional ratio of the absorbed to the incident radiant
power, expressed as a percentage.
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The term “composite” describes a material which 1s
produced from two or more constituent materials. Constitu-
ent materials may have distinct chemical or physical prop-
erties and may create a material with properties that difler
from those of the constituent materials. Constituent materi-
als within a composite may remain separate and distinct as
opposed to mixtures and solid solutions where constituent
materials may be indistinguishable.

The term “machine-learning model” describes models
that may include neural network models, rules based mod-
els, and/or object models, which include learned parameters
trained or tuned parameters or hyper-parameters) by which
a computer may be configured to generate a predicted and/or
modeled output. Learning may be implemented by learning
algorithms, such as supervised or unsupervised learning
algorithms, by which an objective function 1s minimized
over a number of training epochs, using a set of training data
that may be labeled or unlabeled.

The term “stack” refers to a multilayer structure incorpo-
rating two or more layers ol material having different
composition and/or properties. For example, an absorber
stack may be a composite material having multiple layers of
composite of different composition to provide spectrally
selective absorptance 1n distinct layers of the absorber stack.

The term “support vector machine” describes a supervised
learning model with associated learning algorithm(s) that 1s
trained to analyze data for classification and regression
analysis. As an example, a support vector machine may be
trained to analyze 1image data to classily pixels 1into various
learned classes.

FIG. 1 1s a schematic diagram of a deposition system 100,
according to embodiments described herein. The deposition
system 100 may be configured to deposit one or more layers
of refractory-metal composite in a controlled environment,
such that a material 1s fabricated that 1s characterized by
improved performance or improved properties, such as
improved absorptance, chemical and physical stability, and
reduced dimensions, relative to conventional absorber mate-
rials. While the description of the deposition system 100
focuses on magnetron co-deposition systems, the deposition
system 100 may also include other types of systems con-
figured to deposit ceramic and/or metal coatings with con-
trolled composition and structure. For example, other
plasma sources, rather than magnetron sources, may be
employed, and the configuration of internal components and
chamber elements of the deposition system 100 may differ
from what 1s illustrated in FIG. 1. It 1s to be understood that
the deposition system 100 1s illustrated 1n schematic cross
section, and may omit components ifrom the illustration 1n
the mterest of stmplicity of explanation that may be included
in the functioning of the deposition system 100. Further-
more, the deposition system 100 may be of any size,
commensurate with depositing composite coatings onto sub-
strates appropriate for intended solar absorber applications.
For example, 1n space technology, the size of the deposition
system 100 may be relatively small, when compared to the
s1ze used to deposit coatings onto components incorporated
into terrestrial systems for industrial scale solar-thermal
installations.

As shown i FIG. 1, the deposition system 100 may
include several component subsystems, incorporated 1nto a
chamber 110 configured to provide a reduced pressure
environment and/or a controlled environment within the
chamber 110. Reduced pressure may be maintained within
the chamber 110 through a vacuum system and a gas supply
system, such that a controlled and/or metered flow of gas,
such as an 1nert plasma gas (e.g., helium, argon, or nitrogen)
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may be introduced into the chamber 110 via an inlet and
removed via an outlet or exhaust. Conditions within the
chamber 110 may be measured by one or more sensors 112
integrated into the chamber, including, but not limited to,
temperature, pressure, or oxygen sensors, by which the gas
supply and removal systems may provide the appropriate
deposition conditions.

The deposition system 100 may be configured to deposit
a coating onto a substrate 120, which may be positioned at
a target position relative to one or more deposition sources
130. In some embodiments, the substrate 120 1s held to a
substrate holder 122 that may be configured to bias the
substrate 120, for example by electrically coupling the
substrate 120 to a relative ground 124. In a co-deposition
configuration, the chamber 110 may 1ncorporate two depo-
sition sources 130, positioned at particular angle to deposit
onto the substrate 120. In some embodiments, each deposi-
tion source 130 1s a magnetron source that 1s configured to
produce a plasma 132 near the surface of a target 134. In this
way, a gas of atoms may be generated from the target 134 by
ion bombardment from the plasma 132 into the surface of
the target 134. Atoms of the target material may be directed
toward the substrate 120 and may deposit onto the surface of
the substrate, for example, by line-of-sight deposition or by
clectrostatic precipitation where the substrate 1s biased.

In some embodiments, the chamber 110 includes a second
target 134-2 of a material different from the target 134, such
that a coating may be deposited onto the substrate 120
having a controlled composition of the material of the
second target 134-2 1n the material of the target 134. As an
illustrative example, the target 134 may be or include a
refractory material, such as silicon carbide, silicon nitride,
silicon dioxide, boron nitride, boron carbide, zirconium
nitride, or other materials including silicon, zirconium,
carbon, boron, or nitrogen. By contrast, the second target
134-2 may be or include a metal, such as a refractory metal
including, but not limited to, niobium, molybdenum, tanta-
lum, tungsten, or rhenium. In some embodiments, the metals
may also include 1ron, cobalt, titanium, vanadium, chro-
mium, zirconium, hainium, ruthenium, rhodium, osmium, or
iridium. To limit the introduction of oxygen into deposited
coatings, the material of the target 134 may exclude oxygen-
containing ceramics, such as silicon oxide.

Deposition of composite coatings onto the substrate 120
may be controlled by modulation of the plasma 132 1n time
and intensity, which in turn may control the flux of atoms
that are generated by exposure of the target 134 to the
plasma 132. In this way, the concentration of the deposited
coating, as well as attendant characteristics including, but
not limited to, phase structure and nanostructuring of the
composite, may be controlled. In an illustrative example, the
second target 134 may be held 1n a second deposition source
130-2 that may be independently control led relative to
another deposition source 130 having another target 134. In
this way, a second plasma 132-2 may be formed such that the
second target 134-2 1s exposed to a ditferent flux relative to
the other target 134, and may be adjusted over additional
deposition cycles to produce concentration gradients in the
deposited composite coating on the substrate 120, or to
produce discrete layers as part of an absorber stack, as
described 1n more detail in reference to FIG. 2. For example,
multiple layers may be formed sequentially over three
discrete deposition cycles, such that each subsequent layer
overlies the preceding layer.

In some embodiments, precise control of the thickness of
deposition 1s provided by inclusion of deposition sensors
142, as part of a control system 144. The deposition sensor
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142 may be or include a resonator-type sensor (e.g., a quartz
crystal sensor), a thermal-mass sensor, a resistance sensor, or
other form of deposition-sensitive circuit that permits the
precise and non-invasive measurement of the thickness of
composite material deposited onto the substrate 120. In this
way, the control system 144 may implement a deposition
protocol by which a multi-layer absorber stack may be
formed. The deposition protocol may also include gas
exchange operations, such as purging the chamber 110
between deposition cycles, as an approach to reducing
contamination and for improving discrete concentration
steps between layers of an absorber stack. The deposition
system 100 may also include components or subsystems for
depositing reflective and/or anti-reflective material coatings
onto the substrate 120. For example, the substrate 120 may
be provided with a reflective coating before forming the
absorber layers. Similarly, the final absorber layer of an
absorber stack may be coated by an anti-reflective coating,
as described 1n more detail in reference to FIG. 2.

In some embodiments, the control system 144 may be
configured to implement a fabrication process including the
deposition protocol that may be received via a network 150.
Through communication with a system configured to opti-
mize the structure of absorber materials, the deposition
system 100 may automatically implement outputs of opti-
mization systems, as described 1n more detail 1n reference to
FIGS. 4-5.

FIG. 2 1s a schematic diagram of a solar absorber coating,
200, according to embodiments described herein. The mate-
rials 1ncluded 1n the solar absorber coating 200 may be
selected and/or deposited as part of a process of fabricating
a solar absorber coating onto a part or a structure that will
be mtegrated mto a solar concentrator system. In this way,
the constituent materials and structures described in refer-
ence to FIG. 2 may mmpart improved performance of the
solar concentrator, for example, by improving etliciency of
energy conversion from incident solar radiation to heat (e.g.,
phonons) that may be conducted into the material and
applied to a working fluid or to a phase-change matenal. For
example, the solar absorber coating 200 may be formed as
a deposited multilayer coating onto a solar concentrator
target, such as a would be found 1n a solar-driven Seebeck
ellect-based thermoelectric generator 1n space systems, 1n a
terrestrial mirror-array concentrator system, or 1n a solar
desalination system. Through spatially-controlled composi-
tion, structure, and chemical and physical properties, the
refractory-metal composite may exhibit improved absorp-
tance properties, as described 1n more detail 1n reference to
FI1G. 3, at a reduced size.

In some embodiments, the solar absorber coating 200 may
be or include an absorber stack formed of multiple material
layers deposited on a substrate 210. The substrate 210 may
be or include a material of a size corresponding to the
intended solar absorber application. The substrate 210 1n
FIG. 2 1s illustrated as being similar in dimensions to the
overlying layers merely for simplicity of explanation of
internal structures and materials of the solar absorber coat-
ing 200. For example, the substrate 210 may be or include
a component of a solar concentrator system (e.g., flat sheets,
circular tubes, a fin or other meta-structured material, such
as a honeycomb or faceted surface). Similarly, the substrate
210 may be of any size, corresponding to the intended
application. For example, the dimensions of the substrate
210 may include a relative dimension on the order of
micrometers, millimeters, centimeters, or meters.

As part of the coating formed on the substrate 210, a
reflective layer 220 may be formed overlying the substrate
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210. The reflective layer 220 may be or include a material
selected for high reflectance in the infrared region, and
thermal stability. For example, the reflective layer 220 may
be or include tungsten as an infrared reflector material,
owing to its high reflectance 1n infrared region (R %=94.6 at
A>2.5 um) and thermal stability at temperatures as high as

hundreds of degrees Celsius, thousands of degrees Celsius,

or more. As described 1n more detail 1n reference to FIG. 1,
where the reflective layer 220 includes a metal that 1s also
incorporated into composite layers of the solar absorber
coating 200, the reflective layer 220 may be formed on the
substrate 210 by depositing the metal alone, rather than by
co-deposition of two materials concurrently. The infrared
reflector material may serve to improve the conversion
efliciency of the solar absorber coating 200 such that a
higher fraction of incident radiation 1s converted to heat to
be conducted 1nto the substrate 210.

Overlying the reflective layer 220, the solar absorber
coating 200 may include one or more refractory-metal
composite layers 230. While the solar absorber coating 200
1s 1llustrated with three refractory-metal composite layers
230, in some embodiments more or fewer refractory-metal
composite layers 230 are included in the solar absorber
coating 200. For example, the solar absorber coating 200
may include one, two, three, four, or more refractory-metal
composite layers 230, overlying the retlective layer 220 or
the substrate 210.

In some embodiments, the refractory-metal composite
layers 230 may include different compositions and micro-
structures that may impart different absorptance properties
to the different layers. For example, a refractory-metal
composite layer 230 may be characterized by a microstruc-
ture including encapsulated metal nanoparticles 234 1n a
refractory matrix 232. In some embodiments, the metal
nanoparticles 234 are described by a characteristic dimen-
sion 236, which may correspond to the dimension defining
the functionality of the metal nanoparticles 234. For
example, where the metal nanoparticles 234 may be
described by an aspect ratio approaching a value of one, the
characteristic dimension 236 may describe an approximate
anisotropic diameter of the metal nanoparticles 234. Where
the metal nanoparticles 234 are described by an aspect ratio
larger than one, as when the nanoparticles are nanowires or
nanorods, the characteristic dimension 236 may describe a

dimension orthogonal to a long axis of the metal nanopar-

ticles 234 (e.g., in cylindrical coordinates, “r ™ vs. “z7).
The characteristic dimension 236 may influence the spec-
tral range within which the metal nanoparticles 234 can
aflect the absorptance of the refractory-metal composite
layer 230. For example, with increasing size, the metal
nanoparticles 234 may cause a red shift 1n absorptance in the
inirared range for the refractory-metal composite layer 230.
Furthermore, beyond a threshold size, the metal nanopar-
ticles 234 may exhibit a diminished absorptance, and begin
to negatively impact physical or chemical stability of the
refractory-metal composite layer 230. As such, there may be
a range of the characteristic dimension 234 within which the
metal nanoparticles 234 improve the absorptance of the
refractory-metal composite layer 230. In this way, the char-
acteristic dimension 236 may be less than or about 20 nm,
less than or about 18 nm, less than or about 16 nm, less than
or about 14 nm, less than or about 12 nm, less than or about
10 nm, less than or about 8 nm, less than or about 7 nm, less
than or about 6 nm, less than or about 5 nm, less than or
about 4 nm, less than or about 3 nm, less than or about 2 nm,
less than or about 1 nm, or less. In some embodiments, as
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described 1n more detail in reference to FIG. 1, the metal
nanoparticles 234 are formed by aggregation and/or coales-
cence 1n the gas phase or on the surface of a deposition
substrate (e.g., substrate 120 of FIG. 1). For example, the
metal nanoparticles 234 may be or include nanoclusters of
smaller particles. In this way, the characteristic dimension
236 may describe a distribution with a statistical variance,
rather than a single uniform size for every metal nanopar-
ticle 234 within the refractory-metal composite layer 230.
The distribution may be normal or non-normal (e.g., Gauss-
1an, Maxwellian, etc.).

As described 1n more detail in reference to FIG. 1, the
ceramic matrix 232 and the metal nanoparticles 234 may be
formed by co-deposition of a ceramic material and a metal
in a deposition system (e.g., deposition system 100 of FIG.
1), where a first refractory-metal composite layer 230-1
differs 1n composition from a second refractory-metal com-
posite layer 230-2, and from a third refractory-metal com-
posite layer 230-3. In some embodiments, the first refrac-
tory-metal composite layer 230-1 includes a higher metal
composition than the second refractory-metal composite
layer 230-2, and the second refractory-metal composite
layer 230-2 includes a higher metal composition than the
third refractory-metal composite layer 230-3. In some
embodiments, the stability and robustness of the solar
absorber material 200 may be improved by introducing the
particles into the layers. For example, providing a third
refractory-metal composite layer 230-3 being substantially
free of metal nanoparticles 234, may permit the third layer
230-3 to serve as a diflusion barrier to oxygen, such that the
metal nanoparticles 234 in the lower layers may be protected
against oxidation (e.g., where synthesis proceeds 1n an nert
atmosphere). Furthermore, metal nanoparticles 234 may be
further protected against oxidation by encapsulating the
metal nanoparticles 234 1n the ceramic matrix 232.

As with the characteristic dimension 236, by incorporat-
ing metal nanoparticles 234 at a concentration within an
optimal range into the refractory matrix 232, the refractive
index and the extinction coeflicient of the refractory-metal
composite layer 230 may increase from that of pure refrac-
tory within the wavelength range of 250-1000 nm. In this
way, the refractory-metal composite layer 230 may broaden
the intrinsic absorption band of refractory films. Particularly,
the increase of refractive index 1n the wavelength range of
400-1000 nm may allow refractory-metal composite layers
230 to have a broad absorption 1n the wavelength range of
250-1000 nm. Without being bound to a particular physical
phenomenon, theory, or mechanism, destructive interference
induced by the distribution of metal nanoparticles 234
within the refractory-metal composite layer 230 may intlu-
ence the absorbance of radiation within layers of the solar
absorber 200 within one or more wavelength ranges. For
example, to design a spectrally selective solar absorber, the
refractive indices and thicknesses of each layer can be tuned
to obtain destructive interference at wavelengths around 0.4
um and 1.5 um. As such, reduced reflectance of solar
radiation and consequent improvement 1n absorptance may
result from material properties of the refractory-metal com-
posite layers 230. As described 1n more detail 1n reference to
FIGS. 2-5, tuning the maternal properties of the refractory-
metal composite layers 230 may be implemented by an
optimization technique for determining both thicknesses of
the refractory-metal composite layers 230 and the metal
composition of each respective layer.

In some embodiments, the refractory-metal composite
layers 230 may be or include amorphous silicon carbide
making up the refractory matrix 232 and tungsten metal
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making up the metal nanoparticles 234. Silicon carbide with
different polymorphs i1s a material characterized by a tunable
bandgap (2.3-3.2 ¢V), high radiation resistance, stability at
high temperatures, and high thermal conductivity. Higher
optical absorption of amorphous silicon carbide in the
photon energy region below the band gap with respect to its
crystalline phase makes 1t particularly suitable to high
temperature light absorption applications, such as solar
concentrator systems.

As 1llustrated 1n FIG. 2, the refractory-metal composite
layers 230 may have a combined thickness 238. At larger
thicknesses, a single layer of as-sputtered amorphous silicon
carbide behaves as a blackbody absorber over the range of
250 nm to 20 um, To improve the infrared transparency, a
thinner silicon carbide layer may be deposited. For example,
inirared transparency of silicon carbide may be improved at
a thickness 238 of less than or about 300 nm, less than or
about 250 nm, less than or about 200 nm, less than or about
150 nm, less than or about 100 nm, less than or about 50 nm,
or less. Even so, the uniform refractive mndex of a single
layer of silicon carbide film may result 1n limited or negli-
gible interference eflects and may thus produce a narrow
absorption band. To that end, the solar absorber coating 200
may include multiple refractory-metal composite layers 230
as an approach to provide multiple different refractive
indexes within the silicon carbide matrix. In some cases, the
multiple different refractive indexes may be provided by
incorporating metal nanoparticles 234 and/or nanoclusters
into the refractory-metal composite layers 230 at differing
concentrations.

As an 1llustrative example, the amorphous ceramic matrix
may be or include silicon carbide. Amorphous silicon car-
bide may be characterized by a non-zero extinction coetli-
cient and a refractive index of 2.3-2.6 1n the wavelengths
range ol 250-700 nm, which differs from other dielectric
materials, such as silicon oxide and aluminum oxide. A
single layer of silicon carbide deposited on an infrared-
reflective substrate to a thickness 238 below 100 nm may
display narrow absorption. In this way, by incorporating
tungsten nanoparticles 234 and/or nano-clusters at a con-
centration within a range between about 10-40% into the
silicon carbide matrix, both the refractive index and extinc-
tion coeflicient may be increased relative to pure silicon
carbide within the wavelength range of 250-1000 nm. Con-
sequently, incorporating tungsten may broaden the intrinsic
narrow absorption band of silicon carbide films through the
interference eflect. In this way, increasing the refractive
index 1n the wavelength range of 400-1000 nm may permit
the refractory-metal composite layers 230 to have a broad
absorption range and destructive interference within the
refractory-metal composite layers 230. Destructive interfer-
ence within the layers may reduce retlectance of incident
radiation and improve absorptance. Advantageously, a spec-
trally selective solar absorber, the refractive indices and
thicknesses of each of the refractory-metal composite layers
230 may be selected, for example through fabrication of
layers with a given metal nanoparticle concentration and
layer thickness, such that the layers provide destructive
interference at wavelengths around 0.4 um and 1.5 um that
serves to broaden absorptance spectra of the solar absorber
coating 200.

In some embodiments, the concentrations of metal nan-
oparticles 234 1n the respective layers of the solar absorber
coating 200 may be selected to provide improved optical
properties. For example, in some embodiments, where the
amorphous ceramic matrix may be or include silicon carbide
and the metal may be or include tungsten, the concentration
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ol metal nanoparticles 234 and/or nano-clusters within the
silicon carbide matrix may be graduated from a highest
value to zero from bottom to top. As such, the solar absorber
coating 200 may include an absorptive stack of three layers
of varying thickness from bottom to top with thickness of
about 33 nm, about 25 nm, and about 20 nm, such that the
thickness 238 1s less than or about 100 nm. In some
embodiments, the concentration of metal nanoparticles 234
may be about 28%, about 12%, and about 0%, for the first
layer 230-1, the second layer 230-2, and the third layer
230-3, respectively.

In some embodiments, a nonzero extinction coeflicient of
the third layer 230-3, which may be or include silicon
carbide substantially free of metal nanoparticles 234, may
contribute towards the reflection of some of the solar irra-
diations. Therefore, the solar absorber coating 200 may
include an anti-retlective (AR) layer 240, as an additional
layer overlying the third layer 230-3. In some embodiments,
the AR layer 240 may be or include an oxide material
including, but not limited to silicon oxide, which may serve
to mediate the transition in index of refraction between the
material of the third layer 230-3 and air or other medium
surrounding the solar absorber coating 200. Advantageously,
with the AR coating 240, the absorptance of the solar
absorber coating 200 including the absorptive stack may
higher than or about 95.45% in the range of 280-2000 nm.

As described 1n more detail 1n reference to FIGS. 2-5, the
dimensions, concentrations, and other characteristic proper-
ties of the solar absorber material 200 may be determined to
provide improved optical properties. For example, the solar
absorber coating 200 may be characterized by a sharp
transition from high absorptance to low absorptance 1n the
mid 1nfra-red range, which may suggesting good retlectivity
ol the refractory-metal composite layers 230 and the retlec-
tive substrate 220. At higher operating temperatures of 900
and 1050 K, the solar absorber coating 200 may exhibit
improved emissivity of 0.18 and 0.22, respectively.

FIG. 3 1s a plot 300 of 1llustrative absorptance spectra of
refractory-metal composites, according to embodiments
described herein. As described 1n more detail 1n reference to
FIG. 2, introduction of a multilayer absorptive stack incor-
porating encapsulated metal nanoparticles (e.g., metal nan-
oparticles 234) into solar absorber coatings (e.g., solar
absorber coating 200 of FIG. 2) may improve the optical
properties ol the solar absorber coatings. Without being
bound to a particular theory or physical mechanism, the
improvement exhibited 1n the absorptance spectrum of the
solar absorber coating may be attributed at least 1n part to a
graduated refractive index introduced by an increasing nan-
oparticle concentration from a lowest value near an outer
surface of the coating to a highest value near a surface of a
reflective substrate.

As 1llustrated in FIG. 3, incident radiation 305, such as
solar radiation, may be described by a characteristic spec-
trum including ultraviolet, visible, near infrared, and inira-
red wavelengths. The incident radiation 305 may be char-
acterized by a non-uniform spectral pattern, as may be
described by black body radiation curves, such as Planck’s
law, taking into account characteristic absorbance patterns
of atmospheric gases. In general, the performance of a solar
absorber coating may be improved by broadening the
absorptance (%) over the range of wavelengths for which the
incident radiation 303 flux 1s hugh, to increase the extent to
which radiation 1s absorbed and to reduce the fraction of
incident radiation 3035 1s reflected or otherwise lost to
inetliciency (e phase transitions or chemical reactions). In
this context of the plot 300, broadening the absorptance
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spectrum and increasing the absorptance of a solar absorber
coating in the wavelength range corresponding to the solar
emission spectrum may mmprove the efliciency and perfor-
mance of the coating.

As described in reference to FIG. 2, a characteristic
absorptance spectrum for a pure refractory material 310 may
be characterized by a relatively narrow absorptance band
over the range of the incident radiation 305. While the peak
in absorptance for the pure refractory material 310 may
overlap with a region of relatively high radiation flux,
improving the absorptance over the broader range of the
incident radiation 305 may improve to overall performance
of solar absorber coatings. To that end, the characteristic
spectrum for a solar absorber material including an absorp-
tive stack 315 as described 1n reference to FIG. 2 may be
characterized by a broader absorptance over the broader
range of the icident radiation 305. The improvement may
be attributable at least 1in part to the vanation of index of
refraction within the absorptive stack, such that destructive
interference within the solar absorber coating improves the
absorption of the incident radiation 305 over a broader
wavelength range. Furthermore, as described 1n more detail
in reference to FIG. 2, an AR coating on the absorptive stack
may result in an improved absorptance spectrum 320 of the
solar absorber matenials, for example, by improving the
absorptance of the solar absorber coating in the ultraviolet-
visible wavelength ranges, where the refractory matrix
matenal 1s relatively more reflective.

In some embodiments, the solar absorber coatings may be
improved by introducing multiple absorber layers over a
reflective substrate, for which the layers may have differing
thicknesses and metal composition. That being said, config-
uring the solar absorber coating may be a relatively complex
process that may also be improved, for example, through the
computer-implemented optimization techniques.

FIG. 4 1s a block flow diagram of a method 400 of
configuring a solar absorber coating including an absorptive
stack of refractory-metal composite layers, according to
embodiments described heremn. The method 400 may
include operations for predicting and evaluating candidate
coating configurations over one or more iterations, until the
configuration converges to an optimum absorptance value,
which may be described as an average value over a given
wavelength range. In some embodiments, the method 400
may incorporate multiple rules-based and/or machine-learn-
ing models to provide different inputs to predict the absorp-
tance and to evaluate a loss function. The iterative aspects of
the method 400 may permit optimization techmques, such as
gradient ascent or other approaches, to be implemented as
part of generating new configurations for subsequent evalu-
ation until the value of the loss function 1s mimmized.

The operations of the tlow can be implemented as hard-
ware circuitry and/or stored as computer-readable mnstruc-
tions on a non-transitory computer-readable medium of a
computer system. As implemented, the instructions repre-
sent modules that include circuitry or code executable by a
processor(s) of the computer system. The execution of such
instructions configures the computer system to perform the
specific operations described herein. Each circuitry or code
in combination with the processor performs the respective
operation(s). While the operations are illustrated 1n a par-
ticular order, it should be understood that no particular order
1s necessary and that one or more operations may be omitted,
skipped, and/or reordered.

As 1llustrated 1 FIG. 4, the method 400 may include
operation 408, which nay include generating a configuration
of a composite solar absorber coating (e.g., solar absorber
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coating 200 of FIG. 2). As described mn more detail 1n
reference to FIG. 2, the configuration may include dimen-
sions and properties of a reflective substrate layer, an
absorber stack including one or more refractory-metal com-
posite layers, and/or an antireflective (AR) coating. In some
embodiments, generating the composite configuration may
include taking in input data 402, which may be or include
characteristic spectra of incident radiation (e.g., incident
radiation 305 of FIG. 3), characteristic spectra ol pure
materials (e.g., pure material 310 of FIG. 3), and/or com-
posites (e.g., curves 310 and 315 of FIG. 3). While the input
data 402 1s illustrated as a single data source, the data may
be accessed and/or received from separate systems, such as
different databases, servers, devices, or the like.

In an 1llustrative example, the input data 402 may describe
an 1mitial configuration for a solar absorber coating including
three refractory-metal composite layers, a reflective sub-
strate, and an AR coating, where the thicknesses of each
layer and the overall thickness of the absorptive stack may
be specified as falling within a range. The ranges may be
governed by physical and chemical properties of the com-
posite materials. For example, the range may be limited on
a lower-boundary by the concentration at which the refrac-
tive index of the composite material 1s within a given range,
while the range may be limited on an upper boundary by
phase segregation that may occur during fabrication, which
may result 1n vulnerability to oxidation at elevated operating
temperatures. For example, a first layer (e.g., first layer
230-1 of FIG. 2) may include a metal at a concentration
greater than or about 1% by weight, greater than or about 5%
by weight, greater than or about 10% by weight, greater than
or about 15% by weight, 20% by weight, greater than or
about 25% by weight, greater than or about 30% by weight,
greater than or about 35% by weight, greater than or about
40% by weight, greater than or about 45% by weight, or
greater. A second layer, which may overly the first layer 1n
the absorptive stack (e.g., second layer 230-2 of FIG. 2) may
include the metal at a concentration less than the first layer,
and the third layer, which may overly the second layer 1n the
absorptive stack (e.g., third layer 230-3 of FIG. 3), and may
include less metal than the second layer, and may be
substantially free of metal.

Subsequent generating the configuration at operation 408,
the method 400 may include estimating and/or receiving
refractive indices for each of the layers in the absorptive
stack at operation 410. Refractive index data may be used
when calculating, predicting, and/or modelling the absorp-
tance of refractory-metal composite layers (e.g., refractory-
composite layers 230 of FIG. 2) in two different ways; (1) by
using empirical data for eflective refractive indices of
sample nanocomposite layers characterized by surface diag-
nostic techniques, such as ellipsometry, or (1) by using
refractive index data for pure refractory and metal material
and fitting with morphology data extracted from microscope
images, as described 1n more detail 1n reference to FIG. 5.
As such, operation 410 may 1nclude recerving and/or access-
ing refractive index data for pure materials and for compos-
ite samples, for example, as part of a database of matenals
characteristics. Where the configuration generated at opera-
tion 408 includes layers for which empirical refractive index
data 1s available, operation 410 may therefore be accessed
directly. By contrast, for configurations where empirical data
1s unavailable, materials from which the absorptive stack 1s
constructed may be referenced for pure material data. Pure
material data may, i turn, be used with microscope 1mages
to predict absorptance for the composite material using finite
different time domain simulation (FWD).
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Subsequent estimating the refractive indices of each of the
layers making up the absorptive stack, the method 400 may
include obtaining electron microscope 1mages of a refrac-
tory-metal composite layer at operation 412. As described in
more detail in reference to FIG. 5, microscope images, such
as transmission electron microscope 1images, z-contrast elec-
tron microscope 1mages, or other 1maging techniques sen-
sitive to atomic number. Z-contrast imaging may be used to
prepare an 1mage to predict a morphology, using image
processing techniques. In some embodiments, electron
microscope 1mages may be obtained from a database of
empirical data prepared from standard samples fabricated by
co-deposition, as described 1n more detail 1n reference to
FIG. 1. Alternatively, electron microscope 1mages may be
provided by a user of a system implementing the method
400, for example, via a communication component, such as
a user intertace. For example, the method 400 may option-
ally include operations where constituent layers of the
configuration generated at operation 408 1s fabricated 1n a
deposition system (e.g., deposition system 100 of FIG. 1).
From electron microscope characterization of the layers,
images may be captures and received at operation 412, from
which the morphology of metal nanoparticles (e.g., metal
nanoparticles 234 of FIG. 2) may be predicted.

Subsequent operation 412, the method 400 may include
predicting a morphology of a constituent layer of the absorp-
tive stack. As described 1n more detail in reference to FIG.
5, operation 414 may include one or more 1mage processing
operations, by which a microscope 1image may be processed
to 1dentity metal nanoparticles encapsulated 1n a matrix
material. Processing may include phase detection, back-
ground subtraction, and cluster detection. A processed image
may be provided as an 1put to a machine-learning model,
tramned to predict a morphology of the material from the
image. In some embodiments, the machine-learning model
may be or mclude a support vector machine. The support
vector machine model may be trained to classily pixels in
the microscope 1mage 1nto one of a number of classes, which
may be attributed to the refractory material, the metal, an
impurity, and/or an unresolved class. In some cases, the
support vector machine may be trained to classify only two
classes, corresponding to the refractory and the metal, from
which clusters may be determined and a pixel map of the
material may be generated describing the morphology of the
refractory-metal composite layer. The pixel map may, in
turn, be used to predict the absorptance of the layer through
numerical simulation.

As part of the method 400, the machine-learning model
may be trained at operation 4135, which may precede the
operations of the method 400. For example, model training
may include, but 1s not limited to, supervised training using,
labeled training data 404, by which learned parameters of
the machine-learning model may be adjusted over a number
of tramning epochs, until the model 1s trained to accurately
distinguish metal from refractory and to delineate the bound-
aries of the phases in the processed microscope i1mage,
Model training at operation 415 may include optimizing an
objective function, which may be or include a nearest-
neighbors or other distance-based evaluation of clustering.

Subsequent predicting the morphology of the refractory-
metal composite layers, the method 400 may include pre-
dicting the absorptance of the configuration at operation
416. Prediction of absorptance for each constituent layer and
for the configuration overall may include one or more
numerical electrodynamic simulations, for example, using
FWD. For example, morphology data may be imported into
an FD'TD simulation, for which the regions may be classified

10

15

20

25

30

35

40

45

50

55

60

65

16

by material. For example, in a silicon carbide-tungsten
composite, the light and dark regions of a processed micro-
scope 1mage may be classified as silicon carbide and tung-
sten, respectively. As part of FDTD, time-dependent Max-
well’s equations (in partial differential form) may be
discretized using central-difference approximations to the
space and time partial derivatives. The resulting finite-
difference equations may be solved to model a steady-state
clectromagnetic field behavior for the material. In this way,
optical properties resulting from interactions between the
material and light, such as absorptance, may be simulated
with a high degree of accuracy.

Subsequent predicting the absorptance, the method 400
may include evaluating a loss function at operation 418, as
part of optimizing the configuration generated at operation
408. The loss function may include terms that describe a
target absorptance, may define an absorptance landscape
424 (e.g., a multi-dimensional function 1n terms of several
parameters), or may include differential terms to address the
marginal change in the absorptance over multiple 1terations
of the method 400. In this way, the method 400 may include,
at decision operation 420, a determination of whether the
configuration 1s an optimum configuration. In some embodi-
ments, the determination may be based on a comparison of
the absorptance with a threshold absorptance, with a deter-
mination of the marginal change 1n absorptance relative to
the previous configuration and a determination of whether
improvement 1n the absorptance 1s expected to be signifi-
cant, and/or a localization of the configuration on the absorp-
tance landscape 424.

In some embodiments, the decision operation 420 outputs
a Boolean value, such that where the output is true, the
method 400 includes outputting the configuration at opera-
tion 422. Outputting the configuration may include, but 1s
not limited to, facilitating the fabrication of a solar absorber
coating according to the configuration. For example, the
method 400 may be implemented using a system that 1s in
communication with a co-deposition system, such that an
optimized configuration generated by the method may be
automatically (e.g., without human intervention) fabricated
onto a reflective substrate, such as a part to be icorporated
into a solar concentrator. In some embodiments, outputting
the configuration may include generating a data output or
visualization of the configuration (e.g., a data readout, a
diagram, and/or the absorptance landscape 424). For
example, the absorptance landscape 424 may be plotted such
that the configuration may be indicated as a state 428 on an
optimization trajectory 430 through one or more intermedi-
ate states 432 to a final state 434. The visualization that may
be generated as part of operation 422 may correspond to the
form of optimization being employed by the method 400. In
some embodiments, optimization may include a multi-vari-
ate optimization of dimensions of layers and concentrations
of metal in the layers of the absorptive stack, such that
optimization iterations may include univariate and/or multi-
variate optimization including, for example, techniques
including, but not limited to, gradient descent optimization,
based on limitations on the number of iterations available.
The visalization of the absorptance landscape 424 may also
include absorptance contours 436, which may be simulated
based on model data or may be developed as additional
iterations are prepared and analyzed.

Where the decision operation 420 1s false, for example,
where the marginal increase 1n absorptance 1s significant or
where a threshold absorptance value at a given wavelength
or over a wavelength range does not satisfy a threshold
value, the method 400 may include generating a new con-
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figuration at operation 426. Generating the new configura-
tion file may include defiming a new configuration based on
the preceding configuration, for example, based on a multi-
variate optimization algorithm. In some embodiments, opti-
mization may include applying a gradient descent approach,
such that the new configuration may be defined by varying
one or more variables based on a value of a gradient 1n
absorptance as a function of the one or more variables. Once
defined, the constituent operations of the method 400 may be
repeated 1n a new iteration for the new configuration, and
may be repeated 1 this way until the output of the decision
operation 420 1s true.

FIG. 5 1s a diagram of an image analysis system 510
configured to extract composite morphology from micro-
scope 1mages, according to embodiments described herein.
The 1mage analysis system 510, as described 1n more detail
in reference to FIG. 4, may be configured to process micro-
scope 1mages and to predict layer morphology using regions
of the microscope 1mages. The 1image analysis system 510
may be implemented as a soitware module, executed by a
system also implementing one or more of the operations of
the method 400 of FIG. 4. Alternatively, the 1mage analysis
system 510 may be or include a separate system, device, or
software module. As with the operations of FIG. 4, the
operations ol FIG. 5 are not described as being 1n a specific
or particular order, and may be executed in alternative
orders, may include additional operations, or may omit
operations.

In some embodiments, the 1mage analysis system 510
may be configured to receive, obtain, or access microscope
images 520. As described in more detail in reference to FIG.
4, the microscope 1mage 520 may be or include an 1image of
a composite solar absorber coating or a constituent material.
The microscope image 520 may be generated by an 1imaging
technique that 1s sensitive to Z-contrast, such that the
composition of the layers and the layer morphology may be
extracted from the microscope 1image 520. For example, the
microscope 1mage may be generated by high-resolution
transmission electron microscopy, by Z-contrast high-reso-
lution scanning electron microscopy, and/or by atomic force
microscopy. As an 1illustrative embodiment, the microscope
image 520 may include a region corresponding to a substrate
522, a reflective layer 524 (e.g., pure metal such as tung-
sten), one or more refractory-metal composite layers 526,
and an anti-reflective layer 528, as described 1n more detail
in reference to FIG. 2.

In some embodiments, the microscope image 520 may be
taken 1n by the 1image analysis system 510 and processed to
detect different layers at operation 512. For example, layer
detection may include, but i1s not limited to, determining
which regions of the image correspond to pure materials or
to composite materials, and identifying, based, for example,
on the phase of the material, whether the layer 1s crystalline
or amorphous. Layer detection may include edge detection,
for example, where the microscope 1mage includes atomic
planes that are detectable as edges 1n a region of a crystalline
material layer.

Subsequent layer detection, the 1image analysis system
may process the image at operation 514. Processing the
image may include i1dentifying a region of pure amorphous
matrix (e.g., silicon carbide 1n a third layer being substan-
tially free of tungsten), and using the image from the pure
amorphous matrix as a background to implement back-
ground subtraction. The processing may include image
alignment and brightness normalization to compensate for
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regions having non-uniform brightness, for example, as a
result of artifacts or aberrations aflfecting the 1maging pro-
CEesS.

Subsequent i1mage pre-processing, the image analysis
system 510 may detect clusters 1n a composite layer 526 of
the microscope 1mage 520 at operation 516. Cluster detec-
tion may 1include a masking using a particle detection
algorithm. For example, noise that 1s characteristic of the
imaging technique may create artifacts i the microscope
image 320 that could impact the processing of the micro-
scope 1mage 520. In an 1illustrative example, operation 516
may include applying a close mask 1n an 1image segmenter
to remove any clusters less than a characteristic dimension
(e.g., characteristic dimension 236 of FIG. 2). For example,
clusters smaller than or about 3 nm, smaller than or about 2
nm, smaller than or about 1 nm, or smaller, may be removed
from the 1mage.

Subsequent cluster detection, the 1image analysis system
510 may extract layer morphology at operation 518. As
described 1n more detail in reference to FIG. 4, operation
518 may include classilying a region of the microscope
image 520 corresponding to a composite that has been
pre-processed to attribute clusters to one of a number of
classes. For example, the layer morphology may be pre-
dicted using a support vector machine machine-learning
model to find the boundaries of the metal clusters in the
region. The output of operation 518 may include a morphol-
ogy map 530 that may be used for predicting the absorptance
of a solar absorber coating. As an output of the image
analysis system 510, the morphology map 530 may be
presented as part of a visualization using a display system,
or may be provided to an optimization system 3540, config-
ured to implement one or more operations of the method
400.

The terms and expressions which have been employed are
used as terms ol description and not of limitation, and there
1s no intention in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but 1t 1s recogmized that
various modifications are possible within the scope of the
invention claimed. Thus, 1t should be understood that
although the present invention as claimed has been specifi-
cally disclosed by embodiments and optional features, modi-
fication and variation of the concepts herein disclosed may
be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.

The description provides preferred exemplary embodi-
ments only, and 1s not intended to limit the scope, applica-
bility or configuration of the disclosure. Rather, the ensuing
description of the preferred exemplary embodiments will
provide those skilled 1in the art with an enabling description
for implementing various embodiments. It 1s understood that
various changes may be made 1n the function and arrange-
ment of elements without departing from the spirit and scope
as set forth in the appended claims.

Specific details are given in the description to provide a
thorough understanding of the embodiments. However, 1t
will be understood that the embodiments may be practiced
without these specific details. For example, specific com-
putational models, systems, networks, processes, and other
components may be shown as components in block diagram
form 1n order not to obscure the embodiments 1n unneces-
sary detail. In other instances, well-known circuits, pro-
cesses, algorithms, structures, and techniques may be shown
without unnecessary detail in order to avoid obscuring the
embodiments.
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Example 1

Ultrathin Nanocomposite Solar Absorber with
Superior Thermal Stability

1. Absorber Coating Materials, Preparation, and Character-
1zation:

Absorber coatings covering the solar spectrum with low
thermal emission are of significant interest in solar thermal
technologies such as solar hot water and concentrated solar
power. Embodiments described herein include ultrathin
coatings and composites that include an ultrathin absorptive
stack of amorphous silicon carbide deposited on infrared-
reflective layer coated silicon substrate with improved solar
absorptance and reduced thermal emittance. Silicon carbide
with different polymorphs 1s a material with an increasing
number of applications, owing to its tunable wide bandgap
(23-3.2 eV), high radiation resistance, stability at high
temperatures, and high thermal conductivity. Higher optical
absorption of amorphous silicon carbide in the photon
energy region below the band gap with respect to its
crystalline phase suggests use for high temperature light
absorption applications. The optical performance of amor-
phous/crystalline silicon carbide may be significantly 1ntlu-
enced by the respective fabrication processes. A thick single
layer of as-sputtered amorphous silicon carbide with thick-
ness above 1 um may behave as a blackbody absorber over
the range of 250 nm to 20 um. The infrared transparency can
be 1mproved by depositing silicon carbide with thickness
below 100 nm on a metallic substrate. The uniform refrac-
tive index of the as-deposited film may lack interference
cllects, and may thus present a narrow but near periect
absorption band. To further reduce the reflection of incident
light, a refractive indices gradient may be created within the
s1licon carbide matrix by incorporating metal tungsten nano-
clusters.

An ultrathin broadband absorptive stack of silicon car-
bide-tungsten nanocomposite was fabricated using a high-
throughput co-sputtering approach with excellent thermal
and oxidation resistance at 630 degree centigrade and 750
degree centigrade, respectively. The absorptive stack
included three layers of silicon carbide from bottom to top
with thickness of 33, 25, and 20 nm containing tungsten
nano-clusters 1n the layers at concentrations of 28%, 12%,
and 0%, respectively. When deposited on any infrared
reflective film and topped with 25 nm silicon oxide antire-
flection layer, the fabricated nanocomposite stack exhibited
solar absorptance of 95.45% and thermal emissivity below
0.1 at 650 K. Besides contributing to the solar absorptance,
silicon carbide also acted as a diflusion barrier, thus pre-
venting the interlayer migration of tungsten nano-clusters
during the annealing process. High resolution transmission
clectron microscopic 1images, coupled with optical simula-
tions, confirmed the concentration of light around 4-7 nm
sized wrregular tungsten nano-clusters in silicon carbide.
This class of silicon carbide nanocomposites containing
metal nano-clusters has significant potential to improve the
photothermal efliciency of solar thermal technologies, par-
ticularly at operating temperatures found 1n solar concen-
trators.

Depending on the fabrication method, thin films of silicon
carbide have diflerent values of optical constants 1n the same
wavelength range. The refractive indices of crystalline sili-
con carbide (6H-silicon carbide hexagonal crystal) differ
from sputtered silicon carbide films deposited at room
temperature, which are predominantly amorphous 1n nature.
Consequently, considerable optical performance mismatch
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among the designed and fabricated films 1s found when
using optical constants obtained from the literature. As such,
the refractive index and extinction coetlicient of as-sputtered
amorphous silicon carbide thin film were fitted from ellip-
sometry characterization.

The silicon carbide thin film exhibited a non-zero extinc-
tion coellicient and refractive mndex of 2.3-2.6 1n the wave-
length range of 250-700 nm, which differs from other
dielectrics, such as silicon oxide and aluminum oxide. The
single layer of sputtered silicon carbide with thickness
below 100 nm on infrared-retlective substrate exhibited near
perfect but narrow absorption band centered in the range of
450-1000 nm. By incorporating tungsten nano-clusters with
certain concentration (10-40%) into the silicon carbide
matrix, both refractive indices and extinction coeflicients
increased from that of pure silicon carbide within the
wavelength range of 250-1000 nm. Nanocomposite films
were found to broaden the itrinsic narrow absorption band
of silicon carbide films through an interference eflect. Par-
ticularly, the increase of refractive index 1n the wavelength
range ol 400-1000 nm provides a material having a broad
absorption range with high degree of destructive interfer-
ence ellect. In this way, a spectrally selective solar absorber
may be optimized by tuning the refractive indices and
thicknesses of each layer to obtain destructive interference at
wavelengths around 0.4 pym and 1.5 um.

Adding an additional layer of silicon carbide with tung-
sten nano-clusters above a silicon carbide layer results 1n a
broadening of the absorption of the composite coating, and
1s accompanied by a slight red shift in the absorptance curve.
Tungsten 1s a good candidate as an infrared-reflective layer
owing to 1ts high reflectance 1n inirared region (R %=94.6 at
A>2.5 um) and high thermal stability. As a result, tungsten
nano-clusters within the silicon carbide matrix not only
contribute to the solar absorption but also contribute to the
low emissivity 1n the mid-infrared region. The concentration
ol tungsten nano-clusters within the silicon carbide matrix
was gradually decreased to zero from bottom to top over
three composite layers. Hence, the absorptive stack included
three layers of silicon carbide from bottom to top with
thickness o1 33, 25, and 20 nm and concentration of tungsten
nano-clusters 1s 28%, 12%, and 0%, respectively. The non-
zero extinction coetlicient of top most layer of pure silicon
carbide also contributed towards the reflection of some of
the solar 1rradiations. Therefore, when topped with an addi-
tional layer of silicon oxide as an anti-reflective layer, the
measured solar absorptance of as-fabricated ultrathin
absorptive stack of silicon carbide reached 95.45% 1n the
range of 280-2000 nm.

In the mid infrared range, the absorber coating indicated
a sharp transition from high absorptance to low absorptance,
suggestive of significant reflectivity of absorptive stack and
tungsten substrate at longer wavelengths. At higher operat-
ing temperatures of 630 degree centigrade and 750 degree
centigrade, ultrathin absorptive stack of nanocomposite sili-
con carbide exhibited emissivity of 0.18 and 0.22, respec-
tively. The thermal emittance 1s thought to increase due to
the redshift of the spectrum, which can be compensated
through increasing the optical concentration and then
decreasing the weighting factor as considering the eventual
conversion efliciency. In comparison to a commercially
available silicone-based paint used for high temperature
solar thermal applications, which has solar absorptance of
96-97% and hemispherical emittance from 0.80 to 0.89 at
temperatures ranging from 95 degree centigrade to 1100
degree centigrade, this ultrathin silicon carbide based solar
absorber coating exhibited solar absorptance of 95.45% with
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low thermal emussivity of 0.18 and 0.22 at 630 degree
centigrade and 750 degree centigrade, respectively. This
consfitutes a significant improvement 1n emissivity of the
coating material, which implicates an improved efficiency of
the absorber coating.

The three-layered absorptive stack with thickness of 78
nm was deposited on 100 nm tungsten coated silicon sub-
strate. The full stack exhibited distinguishable interfaces
among different layers in microscope imaging. At lower
magnification, the contrast among different layers was
attributable to the presence of different masses of atoms.
Tungsten with higher atomic mass appeared to be darker,
while on the other hand, low atomic weights of silicon,
carbon and oxygen atoms appeared to be lighter in the
transmission electron microscope (TEM) 1mages. A promi-
nent gradient change was observed i1n the contrast from
bottom to top layer of three-layered absorptive stack, which
indicated the presence of highest concentration of tungsten
nano-clusters 1n the bottom layer. While top most layer with
lighter color show no tungsten nano-clusters. Amplitude
contrast imaging (e.g., Z-contrast imaging) was verified by
capturing 1mages 1n scanning-tunneling electron microscopy
mode, 1n which higher signal intensity was attributable to
scattered electrons from heavier atoms. This technique 1s
highly sensitive to the atomic number of the atoms present
in the sample, allowing Z-contrast images to be recorded.

The multilayer surface-covering assembly or spectrally
selective solar radiation absorber described herein can be
fabricated using a co-sputtering or vapor deposition process.
In some embodiments, the vapor deposition comprises a
physical vapor deposition process. Physical vapor deposi-
fion processes are described, for example, in “Mechanical
Alloying: Energy Storage, Protective Coatings, and Medical
Applications,” Third Edition, 2020, by M. Sherif El-Eskan-
darany. Thus, in some embodiments, the first composite
layer, the second composite layer, and/or the third composite
layer 1s deposited using co-sputtering or vapor deposition. In
some embodiments, the vapor deposition comprises a physi-
cal vapor deposition process. In some embodiments, the first
composite layer, the second composite layer, and/or the third
composite layer 1s deposited at a temperature from about 25
degrees C. to about 400 degrees C.

Microscopy provided information about the microstruc-
ture and crystalline or amorphous nature of each layer in
as-fabricated full stack. Transmission electron microscope
images of top two layers of silicon carbide: with 0% and
12% of tungsten nano-clusters confirmed the amorphous
nature of both films, however, silicon carbide film with 12%
of tungsten nano-clusters exhibited some periodicity com-
pared to pure silicon carbide film. This indicated the pres-
ence of extremely small tungsten nano-clusters (<2 nm). The
higher concentration of tungsten nano-clusters (28%) into
the silicon carbide matrix induced order of crystallinity 1n
the composite film. The size of nano-clusters was deter-
mined to be 1n the range of 4-7 nm and exhibited an 1rregular
shape 1n cross section. The bright-field transmission electron
microscope 1mage indicated that crystalline nano-clusters
smaller than 10 nm 1n diameter, were embedded uniformly
in the amorphous silicon carbide matrix.

Morphological information 1s important for analysis of
nanocomposites with thicknesses less than 100 nm for light
absorption applications. The absorptive stack of silicon
carbide contains different concentrations of tungsten nano-
clusters. Atomic force microscopy mapping of a top surface
of silicon carbide-W (28%) films showed smooth morphol-
ogy with root mean square roughness value of 1.35, con-
firming the presence of metallic nano-clusters encapsulated
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in the silicon carbide matrix. To understand the light trap-
ping mechanism within the absorptive stack, the morphol-
ogy of silicon carbide-tungsten (28%) was extracted from
the amplitude contrast in transmission electron microscope
images. The higher values of extinction coetficient of silicon
carbide-tungsten (28%) layer compared to silicon carbide-
tungsten (12%) layer was linked to the self-formed mor-
phology of tungsten nan-clusters during the fabrication
process. In contrast, an intermediate silicon carbide-tungsten
(12%) layer contained low concentration of tungsten, and
thus presented a homogeneity 1n transmission electron
microscope 1images and lower extinction coefficient relative
to the tungsten rich layer.

The as-extracted pattern from the transmission electron
microscope 1mages was included in finite-difference time
domain OM) simulation to investigate the effect of nano-
clusters on the optical performance of the absorber. The
absorptance of silicon carbide-tungsten (28%) layer was
calculated 1n two different ways; (1) by using as-measured
effective refractive indices of nanocomposite single layer
from ellipsometry, (1) by using refractive indices of silicon
carbide and tungsten into the as-extracted patterns from
transmission electron microscope 1images. The dark and Light
regions 1n the processed transmission electron microscope
image was 1mported in FDTD simulation and classified as
tungsten and silicon carbide, respectively. For a single
silicon carbide-tungsten (28%) layer, both cases exhibited a
reasonable match between measured and calculated absorp-
tance. However, predicted absorptance using extracted pat-
terns from transmission electron microscope 1images exhib-
ited better agreement to empirical measurements from
fabricated samples. At longer wavelengths (A=500 nm),
incident energy i1s concentrated more around the 4-7 nm
sized wrregular tungsten nano-clusters. All these factors
collectively, contribute to the enhanced absorption ranging
from 450 to 1500 nm.

Energy distribution at different wavelengths for a com-
posite layer stack was estimated. When considering the
extracted pattern of silicon carbide-tungsten (28%) layer
from transmission electron microscope 1mage, significant
localized absorption was observed, demonstrating the con-
tribution of tungsten nano-clusters, specifically at longer
wavelengths. On the contrary, the top most silicon carbide
and silicon carbide-tungsten (12%) layers also provided a
gsraded refractive index, and allowed incident radiation to
penetrate through the stack and minimize reflection at inter-
faces 1nternal to the solar absorber coatings. An additional
layer of silicon dioxide further minimized the reflection
from 2350-450 nm, thus boosting the overall measured
absorption of the coating from 91% to 95.453% 1n the range
of 250-2000 nm. The minimized reflection was attributable
to the destructive interference among the reflected light from
the topmost 1nterface of absorptive stack and the reflected
light at the surface of the anti-reflective layer. This can be

established by depositing a layer with a quarter-wave optical
thickness (QWOT), often determined by

A
= 52)
471 o

where d denotes the thickness of the coating, A is the
wavelength of interest and ns the refractive index of the
antireflection coating.

|
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2. Design and Optimization of Ultrathin Absorptive Stack of
Silicon Carbide:

Traditionally, the solar absorber coatings for low/high
temperature applications are designed via transfer matrix
calculations using either refractive indices of pure films
from literature or refractive indices from as-tfabricated nano-
composite films. This strategy 1s suitable for designing
coatings based on multilayer structures and thick cermet
layers. However, designing nanocomposite solar absorber
coatings and the performance prediction i1s challenging when
the thickness 1s below 100 nm. To cope with this 1ssue, we
proposed a novel design and optimization approach which
combines measured eflective refractive indices and the
complex morphology of ultrathin nanocomposite layers in
finite-difierence time-domain (FDTD) calculations to design
solar absorber coatings. The advanced analytical tools
including high resolution transmission electron microscopy
and atomic force microscopy can be used to extract the
morphology of metal nano-inclusions in the matrix and on
the top surface, respectively.

This approach was implemented on a silicon carbide
absorptive stack with tungsten nano-inclusions for high
temperature applications. In this example, the morphology
of tungsten nano-inclusions 1n the silicon carbide layer was
extracted from high resolution transmission electron micro-
scope 1mages. The first layer overlying a substrate was
tungsten as a retlective layer, while absorptive stack
included three layers of silicon carbide-tungsten with thick-
ness of 33, 25, and 20 nm and metal fractions of 28%, 12%,
and 0%, respectively. The absorptive stack was topped with
25 nm of anti-reflective layer. The silicon carbide layer with
28% tungsten nano-inclusions was discontinuous with dis-
tinct morphology, which was extracted via image process-
ing. In this process, the brightness of the background was
aligned between the pure silicon carbide image and silicon
carbide with 28% tungsten nano-inclusions. Then the later
images were subtracted from the aligned former 1mage to
keep a signal only for tungsten nano-inclusions. To find the
boundaries of the tungsten clusters in the subtracted 1mage,
a machine learning—Support Vector Machine was applied
for materials 1dentification. However, pre-image processing
was necessary for the reason that the silicon carbide image
gives some high-frequency noises. A close mask 1n 1image
segmenter algorithm was applied to the image to remove
clusters smaller than 1 nm. A Gaussian kernel 1n the Support
Vector Machine was implemented to determine the bound-
aries of the wrregular tungsten cluster.

The present strategy provided more accurate designs of
thin films solar absorber, and may permit high throughput
and low-cost fabrication. The calculated optimized thickness
of absorptive stack was below 100 nm and when topped with
silicon dioxide as an anti-reflective layer, the calculated
absorption can reach to 94.54%, which agrees with experi-
mental results.

3. Thermal Stability and Oxidation Resistance of Ultrathin
Silicon Carbide Solar Absorber Coatings:

Absorptance spectra of ultrathin silicon carbide absorp-
tive stack deposited on tungsten substrate were measured
between 250 nm and 2000 nm before and after annealing at
different conditions. After thermal annealing 1n vacuum and
atr, the retlectance spectra only showed a negligible varia-
tion 1 the absorptance, which indicates good thermal and
oxidative stability of as-deposited ultrathin silicon carbide
absorptive stack even without top anti-retlection layer, thus
excluding the role of silicon oxide top layer for enhancing
the thermal stability of the absorptive stack. Owing to the
re-arrangements ol atomic grains, the thermal annealing of
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silicon carbide around 730 degree centigrade may lead to
compressive stress reduction, increasing mechanical stabil-
ity and adhesion, as well as lower optical band gap (lugher
solar absorption).

Silicon carbide also may also act as a diffusion barrier,
which prevents the oxidation or diffusion of metal nano-
clusters at higher temperatures, thus, maintains the optical
properties of the absorptive stack. The as-fabricated ultra-
thin silicon carbide with tungsten nano-clusters absorptive
stack deposited on tungsten substrate maintained optical
performance after annealing 1 750 degree centigrade in
vacuum, and 630 degree centigrade in air. In addition, the
absorptive stack when topped with 25 nm thick S10, as an
anti-reflection layer was annealed 1n vacuum and air at
different temperatures for 24 hours, Total solar absorptance,
for p and s polarization directions, demonstrated the omni-
directional and polarization-independent properties. For
example, as the incident angle increased from 435° to 60°, the
total absorption of the absorbers in the range of 280-2000
nm under s and p polarization directions did not change
remarkably, unlike absorbers based on strong interference in
ultrathin films.

With these merits, the proposed ultrathin silicon carbide
solar absorber coatings have demonstrated their outstanding
average absorptance of 95.45% over the wide solar 1rradi-
ance spectrum ranging from 280 to 2000 nm. To mntuitively
understand the thermal stability of the ultrathin silicon
carbide solar absorber, we put forward the strengthening
mechanism based upon the aforementioned analyses. Owing
to outstanding properties such as high ngidity, good thermal
stability, and imperviousness to the oxidation, the silicon
carbide acts as diflusion barrier 1n multilayer absorptive
stack, thus, preventing the oxidation or diffusion of metal
nano-clusters during the annealing process at higher tem-
peratures. Thus, the solar absorber coating maintained its
optical performance at annealing temperatures of 630 degree
centigrade and 7350 degree centigrade in air and vacuum,
respectively. The materials and techniques described herein
may facilitate the design and optimization of a new class of
selective solar absorbers for enhancing solar energy harvest-
ing at medium-to-high temperatures i1n various systems
including but not limited to solar heating and cooling,
concentrated solar power, solar thermoelectrics, and solar
thermal photovoltaics.

All publications, patents, and patent applications cited
herein are hereby incorporated by reference 1n their entirety
for all purposes.

What 1s claimed 1s:

1. A multilayer surface-covering assembly adapted to
convert solar radiation to heat, the multilayer surface-cov-
ering assembly comprising:

a first composite layer comprising a first amorphous
refractory material and {first metal nanoparticles,
wherein the first amorphous refractor material encap-
sulates the first metal nanoparticles, and wherein the
first composite layer i1s thermally coupled with a sur-
face of a structure for conduction of heat from the first
composite layer to the structure; and

an antiretlective layer, wherein the first composite layer 1s
disposed between the antiretlective layer and the sur-
face of the structure;

wherein the assembly has been annealed at a temperature
of about 750 degree centigrade 1n vacuum.

2. The multilayer surface-covering assembly of claim 1,
further comprising an inifrared-reflective layer on silicon
substrate disposed between the first composite layer and the
surface of the structure.
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3. The multilayer surface-covering assembly of claim 1,
wherein the first amorphous refractory material prevents
diffusion of the first metal nanoparticles within the first
refractory coating and prevents oxidation of the first metal
nanoparticles, wherein the first metal nanoparticles have a
characteristic dimension 1n a range of 4-7 nm.

4. The multilayer surface-covering assembly of claim 1,
turther comprising a second composite layer comprising a
second amorphous refractory material and second metal
nanoparticles, wherein:

the second amorphous refractor material encapsulates the

second metal nanoparticles,

the second composite layer 1s disposed between the first

composite layer and the antiretlective layer, and

a first weight/volume percentage concentration of the first

metal nanoparticles 1 the first composite layer 1s
greater than a second weight/volume percentage con-
centration of the second metal nanoparticles i the
second composite layer.

5. The multilayer surface-covering assembly of claim 4,
turther comprising a third composite layer comprising a
third amorphous refractory material and third metal nan-
oparticles, wherein:

the third amorphous refractor material encapsulates the

third metal nanoparticles,

the third composite layer 1s disposed between the second

composite layer and the antiretlective layer, and

a third weight/volume percentage concentration of the

third metal nanoparticles in the third composite layer 1s
less than the second weight/volume percentage con-
centration.

6. The multilayer surface-covering assembly of claim 5,
wherein:

the first metal nanoparticles comprise tungsten nanopar-

ticles;

the first amorphous refractory material comprises silicon

carbide;

the second metal nanoparticles comprise tungsten nan-

oparticles;

the second amorphous refractory material comprises sili-

con carbide:

the third metal nanoparticles comprise tungsten nanopar-

ticles; and

the third amorphous refractory material comprises silicon

carbide.

7. The multilayer surface-covering assembly of claim 6,
wherein:

the first weight/volume percentage concentration 1s equal

to or greater than 20%;
the second weight/volume percentage concentration 1s

equal to or greater than 3% and equal to or less than
30%; and
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the third weight/volume percentage concentration 1s 0%
to equal to or less than 10%.

8. The multilayer surface-covering assembly of claim 1,
wherein the assembly maintains 1ts optical performance after
thermal annealing 1n vacuum and air.

9. A method of forming a multilayer surface-covering
assembly adapted to convert solar radiation to heat, the
method comprising:

depositing a first composite layer so as to be 1n thermal

communication with a surface of a structure for con-
duction of heat from the first composite layer to the
structure, wherein the first composite layer comprises a
first amorphous refractory material and {first metal
nanoparticles, and wherein the first amorphous refrac-
tory material encapsulates the first metal nanoparticles;
and

depositing an antireflective layer, wherein the first com-

posite layer 1s disposed between the antiretlective layer
and the surface of the structure; and

annealing the assembly at a temperature of about 7350

degree centigrade in vacuum.

10. The method of claim 9, further comprising;:

prior to annealing, depositing a second composite layer so

as to be 1n thermal communication with a surface of the
first composite layer, wherein the second composite
layer comprises the first amorphous refractory material
and the first metal nanoparticles, wherein the first
amorphous refractory material encapsulates the first
metal nanoparticles, and wherein a concentration of the
first metal nanoparticles 1n the second composite layer
1s less than a concentration of the first metal nanopar-
ticles 1n the first composite layer; and

depositing a third composite layer so as to be 1 thermal

communication with a surface of the second composite
layer, wherein the third composite layer comprises the
first amorphous refractory material and 1s substantially
free of the first metal nanoparticles.

11. The method of claim 10, wherein:

the concentration of the first metal nanoparticles 1n the

first composite layer 1s approximately 28%; and

the concentration of the first metal nanoparticles 1n the

second composite layer 1s approximately 12%.

12. The method of claim 9, wherein the first amorphous
refractory material comprises silicon carbide, and wherein
the first metal nanoparticles comprise tungsten.

13. The method of claim 10, wherein the first composite
layer, the second composite layer, and/or the third composite
layer 1s deposited using co-sputtering or vapor deposition,
wherein the first composite layer, the second composite

layer, and/or the third composite layer i1s deposited at a
temperature from about 25° C. to about 400° C.

% o *H % x
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